Bonamia ostreae is a protozoan, affiliated to the order Haplosporidia and to the phylum Cercozoa. This parasite is intracellular and infects haemocytes, cells notably involved in oyster defence mechanisms. Bonamiosis due to the parasite B. ostreae is a disease affecting the flat oyster, Ostrea edulis. The strategies used by protozoan parasites to circumvent host defence mechanisms remain largely unknown in marine bivalve molluscs. In the present work, in vitro experiments were carried out in order to study the interactions between haemocytes from O. edulis and purified parasite, B. ostreae. We monitored cellular and molecular responses of oyster haemocytes by light microscopy, flow cytometry and real-time PCR 1, 2, 4 and 8 h p.i. Light microscopy was used to measure parasite phagocytosis by oyster haemocytes. Parasites were observed inside haemocytes 1 h p.i. and the parasite number increased during the time course of the experiment. Moreover, some bi-nucleated and trinucleated parasites were found within haemocytes 2 and 4 h p.i., respectively, suggesting that the parasite can divide inside haemocytes. Host responses to B. ostreae were investigated at the cellular and molecular levels using flow cytometry and real-time PCR. Phagocytosis capacity of haemocytes, esterase activity and production of radical oxygen species appeared modulated during the infection with B. ostreae. Expression levels of expressed sequence tags selected in this study showed variations during the experiment as soon as 1 h p.i. An up-regulation of galectin (OeGal), cytochrome p450 (CYP450), lysozyme, omega GST (OGST), super oxide dismutase Cu/Zn (Oe-SOD Cu/Zn) and a down-regulation of the extracellular super oxide dismutase SOD (OeEcSOD) were observed in the presence of the parasite. Finally, the open reading frames of both SODs (Oe-SOD Cu/Zn and Oe-EcSOD) were completely sequenced. These findings provide new insights into the cellular and molecular bases of the host-parasite interactions between the flat oyster, O. edulis, and the parasite, B. ostreae.
Introduction
In Europe, since 1979 the flat oyster production has experienced high mortality outbreaks 67 associated with protozoans including Bonamia ostreae (Pichot et al., 1979) . This protozoan is an 68 intracellular parasite and belongs to the order of Haplosporidae and the phylum of cercozoan 69 
Light microscopy 157 158
One hundred μl of cell suspensions were cytocentrifugated (100 × g, 4 °C, 1 min), stained with 159 Hemacolor® (Merck) and examined using light microscopy. Before the infection experiment, pools 160 of haemolymph were examined in order to check the absence of the parasite. Then, for each time of 161 contact, 150 haemocytes were observed, and number of infected haemocytes, number of parasites 162 per infected hameocytes and the total number of di and trinucleated parasites were reported. 163 The expression of two other genes implicated in defence mechanisms (lysozyme) and stress (heat 172 shock protein 90, HSP90) was also studied. 173 174 2.6 RNA extraction and reverse transcription 175
176
Total RNA was extracted from haemocytes using Trizol (Trizol® reagent, Invitrogen™) and treated 177 with RQ1 RNAse-free DNAse (Promega) to remove remaining genomic DNA. RNA concentrations 178
were measured before and after DNase treatment. Reverse transcription (RT) was carried out as 179 previously described Morga et al., (2010) using the oligo(dT) anchor primer (5'-GAC For each candidate gene, melting curve and gel picture were analysed in order to verify the 196 specificity of the amplified products and that a single PCR product was amplified. PCR efficacy (E) 197 was calculated for each primer pair by determining the slopes of standard curves. These curves were 198 generated using a serial dilutions analysis of plasmid containing the insert of interest. Amplification 199 efficacies were calculated according to the following equation E=10
(1-slope) (Pfaffl, 2001) . 200
The expression of the candidate genes was normalized using the elongation factor 1 alpha 201 (GenBank, accession n° EU651798) as housekeeping gene. The elongation factor alpha has 202 previously been identified as the most stable housekeeping gene for similar study (Morga et al. 203 2010b Kit (Amersham's). PCR products isolated from individual clones were sequenced in both ends with 224 TOPO R and F primers (Table 1) 
Results

270
Detection of parasites in haemocytes 271 272
Bonamia ostreae appeared engulfed by haemocytes whatever the tested contact period was. 273
Percentages of infected haemocytes are 18% to 27% and mean number of parasites per infected 274 haemocyte from 1.3 to 2.4 between 1h and 8h of contact (Fig. 1) . The number of parasites observed 275 inside the haemocyte was significantly more important at 4h and 8h compared to 1h (p< 0,036 and 276 p<0,016, respectively). Number of binucleated parasites inside the haemocytes increased after one 277 13 hour of contact (Fig. 1) Prior to haemocyte activity measurement, cell survival was checked by deducing cell mortality 284 based on propidium iodide labelling. Whatever the tested condition was, percentage of live cells 285 was never below 89,1%. Cell mortality was considered equivalent between all the tested conditions. 286 287
Esterases, ROS and phagocytosis activity 288 289
In presence of parasites, the percentages of positive haemocytes showing esterase activities were 290 significantly lower compared to the control after 1h (p < 0.033), 2h and 4h (p < 0. 004) of in vitro 291 infection (Fig. 2a) . Percentages of ROS positive haemocytes were significantly lower in presence of 292 parasites than in controls at 1h, 2h and 8h (p < 0.013) (Fig. 2b) . Lastly, a significant decrease of the 293 percentage of haemocytes which have engulfed three beads or more was observed in haemocytes in 294 contact with Bonamia ostreae after 2h of contact (p < 0.02) (Fig. 2c) . 295 upstream from the polyA tail (Fig 3) Dismutase (Oe-EcSOD). Oe-EcSOD showed a 985 nucleotide sequence containing a short 5'-322 untranslated region (1-42 nt) followed by an ORF of 794 nt (43-837 nt) and finished by a 3'-323 untranslated region (838-985 nt) (Fig 4) (Fig. 4) . 330 331
Phylogenetic analysis of both Ostrea edulis SOD 332 333
The phylogenic trees based on amino acid sequences of Oe-SOD and Oe-EcSOD from different 334 species have been generated using Neighbour-Joining (NJ) and the Maximum Parsimony (MP) 335
methods. 336
Both phylogenic trees (NJ) (Fig.5) and (MP) (data not shown) show two distinct groups including 337 the cytoplasmic SOD sequences and the extracellular SOD sequences. Extracellular SOD group and 338 cytoplasmic SOD present two sub group, the mammal group and the invertebrate group in both 339 trees (Fig. 5) . In the extracellular SOD group, "mollusc species" formed a unique branch including 340
Perna canaliculus, Crassostrea virginica, Ostrea edulis, Crassostrea gigas and Saccostrea 341
glomerata (Fig. 5) . In the cytoplasmic SOD group, "mollusc species" formed a unique branch 342
including (Mytilus edulis, Crassostrea ariakensis, Ostrea edulis and Crassostrea gigas). 343 344
Expression patterns of selected genes 345 346
At 1h of in vitro infection, Oe-Gal was significantly (p<0.01) over expressed (3.9) and its 347 expression slowly decreased afterwards. A significant over expression of OGST (p<0.02) was 348 observed at 1h (2.1) while it appears stable after that time. The lysosyme gene was significantly 349 The internalization of the parasite did not induce haemocyte death even after 8h of contact. Previous 381 in vitro studies have examined the specificity of the host responses to infection with the parasite at 382 the cellular level after 2 hours of contact, the specificity of the haemocyte response has been tested 383 using live and dead parasite (Morga et al., 2009) . 384
Non specific esterase activities were recognized as reflecting the global activity of haemocytes. 385
Esterases may also be involved in the degradation of internalised particles after phagocytosis. In the 386 present study, parasites induced a decrease of the percentage of esterase positive cells after one hour 387 and more significantly after two and four hours of contact. These results, in addition to the lack of 388 haemocyte mortality, suggest a direct impact of parasites on host cell esterase activities. Catalytic 389 enzymes present in B. ostreae (Hervio et al., 1991) might be able to inhibit hydrolases (ie esterases) 390 produced by haemocytes. 391
Similarly, the percentage of ROS positive haemocytes was lower after 1h, 2 h and 8h of incubation 392 with parasites compared to the control. As no cell mortality was detected, parasites may have a 393 direct impact on haemocyte ROS production. The inhibition of oxygen radical production has 394 already been described and should facilitate intracellular survival of protozoan parasites including 395
Trypanosoma sp (Penketh et al., 1987) , Toxoplasma sp (Murray et al., 1980 , Shrestha et al., 2006 , 396
Leishmania sp (Murray, 1981) 
